[1] The Higashi-akaishi peridotite body in the Sanbagawa metamorphic belt is a unique example of a kilometer-scale body including garnet-lherzolite facies rocks from an oceanic subduction-type orogen. In this body, four distinct deformational phases D 1 , D 2 , D 3 , and D 4 can be defined. The tectonic significance of D 1 is unclear. Microstructural observations and application of garnet-orthopyroxene geothermobarometry suggest that D 2 took place during high-temperature subduction up to depths of $100 km (from 2.3 GPa to above 2.8 GPa at temperature of 700-800°C) or more. D 3 represents a major phase of exhumation. After exhumation the Higashi-akaishi body became juxtaposed with the adjacent Besshi and Eclogite units at a depth of around 35 km (1 GPa). The common history of the two units after D 3 is shown by the intertectonic growth of tremolite between D 3 and D 4 that corresponds to a stage of intertectonic growth of plagioclase in the Besshi and Eclogite units. Both the spatial distribution and the estimated pressuretemperature (P-T) conditions of this intertectonic phase of mineral growth in the different units are in excellent agreement. The development of an antigorite schistosity during the late stage of D 2 indicates an anticlockwise P-T path with cooling at depths of around 100 km. The association of the antigorite-bearing fabric and the onset of exhumation after the D 2 stage suggest that the density decrease due to antigorite formation may have been sufficient to trigger the exhumation of dense ultramafic body from UHP conditions in subduction zones. Syn-D 2 water introduction and the anticlockwise P-T path are expected when convection in the mantle wedge brings peridotite toward a subduction boundary through mantle wedge or when peridotite is dragged down along a subduction boundary that is progressively cooling immediately after initiation of subduction. Citation: Mizukami, T., and S. R. Wallis (2005), Structural and petrological constraints on the tectonic evolution of the garnet-lherzolite facies Higashi-akaishi peridotite body, Sanbagawa belt, SW Japan, Tectonics, 24, TC6012,
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Introduction
[2] Garnet-bearing peridotite bodies occur as important components of continental collision zones where they are associated with high-pressure (HP) and ultrahigh-pressure (UHP) metamorphic rocks [e.g., Medaris, 1999; Brueckener and Medaris, 2000] . Studies of such bodies are important for investigating processes occurring deep within convergent plate boundaries. Many workers have considered the presence of these dense mantle units to be a characteristic of continental collision-type orogens. Only very recently have examples in oceanic subduction settings been reported [Enami et al., 2004; Abbott et al., 2005] . Here we present a study of the only known kilometer-scale ultramafic body formed in the garnet lherzolite facies that formed in an oceanic subduction setting: the Higashi-akaishi peridotite body of SW Japan.
[3] In many studies the inclusion of the dense peridotite bodies in large volumes of buoyant felsic continental crust is seen as one of the most important factors needed to account for the exhumation of these rocks [Cordellier et al., 1981; Medaris, 1984; Kalt et al., 1995; Brueckner, 1998 ]. In oceanic subduction zones, however, there are only relatively small amounts of such buoyant crust making the exhumation more difficult to explain. Recent petrological and microstructural studies have shown that the Higashi-akaishi body preserves important information for examining the conditions in subduction zones at mantle depths up to 100 km [Enami et al., 2004; Mizukami et al., 2004] . To examine the origin and tectonic evolution of the Higashi-akaishi peridotite body, it is necessary to study its geological structure and its relationship to the surrounding metamorphosed crustal rocks. However, these structures have been almost completely undocumented except for the works of Yoshino [1961 Yoshino [ , 1964 and Mizukami et al. [2004] , which concentrate on the olivine lattice preferred orientation.
[4] In this paper we present a combined structural and petrological study of the Higashi-aksihi body and neighboring regions. The results are used to address the problem of how the Higashi-akaishi body was exhumed from depths in excess of 100 km to crustal levels and to discuss the history of thermal and tectonic interactions between the mantle peridotite and subducted crustal rocks at depths of the Sanbagawa subduction zone.
Geological Setting
[5] The Sanbagawa belt of SW Japan (Figure 1a) is one of the best examined examples of subduction-type highpressure/temperature (P-T) metamorphism in the world. The belt represents the deeper parts of a strongly deformed accretionary complex formed during Cretaceous subduction of oceanic lithosphere at the Eurasian continental margin [e.g., Banno et al., 1986; Takasu and Dallmeyer, 1990; Wallis, 1998; Okamoto et al., 2000] . The highest-grade part of the Sanbagawa belt is exposed in the Besshi area, central Shikoku ( Figure 1a) where it can be divided into the Besshi unit and a series of higher pressure (HP) bodies that have undergone eclogite facies metamorphism [Kunugiza et al., 1986; Takasu, 1989] .
[6] The Besshi unit mainly consists of pelitic, basic and siliceous schists. The peak metamorphic conditions are generally in the greenschist to epidote amphibolite facies and the unit is divided into chlorite, garnet, albite-biotite and oligoclase-biotite zones based on the changes of mineral paragenesis in metapelite [Banno et al., 1978; Enami, 1982; Higashino, 1990] (Figure 1a ). These metamorphic zones show an overall inverted thermal structure with a general increase in grade up structural section. However, the isograds are locally tightly folded on the kilometer-scale [e.g., Banno et al., 1986; Hara et al., 1990; Wallis et al., 1992] . The metamorphic history of the Besshi unit is characterized by a series of clockwise P-T paths involving a temperature rise after the peak of metamorphic pressure (0.6 -1.1 GPa) [Enami et al., 1994; Aoya, 2001] . The principle ductile deformation events are the subductionrelated deformation (Dr) and the dominant deformation that is related to the exhumation of the belt (Ds) [Wallis, 1990 [Wallis, , 1998 ] (Ds corresponds to the D 1 of Faure [1985] ).
[7] The eclogite HP bodies dominantly consist of mafic and ultramafic lithologies. The mafic rocks are schistose or massive garnet-bearing epidote amphibolite with local remnants of eclogite. Some of the bodies include intercalations of rocks such as marble and pelitic schist (Western Iratsu, Seba and kyanite-quartz eclogite bodies) with sedimentary crustal protoliths; while other bodies have plutonic protoliths with compositional layering (Eastern Iratsu and Tonaru bodies) [e.g., Kugimiya and Takasu, 2002; Banno, 2004] . These bodies are distinguished from the Besshi unit by significantly higher peak metamorphic pressures above 1.5 GPa [e.g., Takasu, 1989; , and they structurally overlie the Besshi unit [Wallis and Aoya, 2000; Aoya, 2002] . On the basis of this evidence, Wallis and Aoya [2000] and Aoya [2002] propose that the eclogite-bearing bodies were emplaced above the lowerpressure unit as a once continuous sheet, which is referred to as the Eclogite unit.
[8] One of the best studied members of the Eclogite unit is the Seba eclogite body [Takasu, 1984; Aoya and Wallis, 1999; Aoya, 2001 Aoya, , 2002 Zaw Win Ko et al., 2005] . The presence of paragonite during prograde and retrograde conditions shows that peak pressure in at least some members of the Eclogite unit did not exceed 2.3 GPa [Aoya, 2001 , Matsumoto et al., 2003 . Detailed structural studies of the eclogite bodies reveal a pre-Ds deformation history distinct from the Besshi unit [Aoya and Wallis, 1999] .
[9] The Higashi-akaishi peridotite body occurs in contact with members of the Eclogite unit ( Figure 1a ) and is geographically close to the Seba unit. The Higashi-akaishi body is composed mainly of dunite with intercalated layers of wehrlite, clinopyroxenite, chromitite, and minor amounts of garnet-bearing rocks, such as garnet clinopyroxenite, Figure 1 . (a) Geological map of the Besshi area modified after Aoya [2001] , Enami [1982] , Higashino [1990] [Horikoshi, 1937; Yoshino, 1961 Yoshino, , 1964 Mori and Banno, 1973; Enami et al., 2004] . The ultramafic rocks show varying degrees of serpentinization and antigorite is the dominant polymorph of serpentine in the body [Kunugiza, 1984] .
[10] Thermobarometric analyses on the garnet-bearing rocks show the peridotite body has experienced UHP conditions above 3 GPa [Enami et al., 2004] . The peak pressures estimated for the Highashi-akaishi body are consistent with 2.3 -3.7 GPa pressure estimates from an associated 100-m-scale enclave of kyanite-quartz eclogite [Enami, 2003] that lies on the NE margin of the Higashiakaishi body (Figure 1b ) but are distinctly higher than those of other members of the Eclogite unit such as the Seba and Kotsu bodies [Aoya, 2001; Matsumoto et al., 2003] . The above petrological information suggests it is necessary to subdivide the Eclogite unit into two or more separate domains with distinct tectonic histories. However, details of the tectonic relationships within the Eclogite unit have not been clarified.
Structural Analyses of the Higashi-akaishi Peridotite Body
[11] Dunite is widespread in the Higashi-akaishi body (Figure 1b ) and the characteristics of this rock type can be used for wide and detailed structural analyses throughout the body. Yoshino [1961] divided the dunite into massive and foliated types. However, this simple division cannot be directly compared to discrete tectonic events in the Sanbagawa belt. In the present study we define four distinct phases of regional ductile deformation D 1 to D 4 in the Higashi-akaishi dunite (summarized in Figure 2 ) based on the microtextural characteristics (Figure 3 ), the mesoscopic orientation data (Figure 4 ) and their areal distributions (Figures 1b and 1c) . Orientation data were determined using a combination of field and microscopic measurements. The sense of shear was not determined in this study.
D 1 Mesostructure and Microstructure
[12] D 1 , the oldest deformational stage, is recognized only locally in lenticular domains (Figure 1b) . D 1 is represented by the foliation (S 1 ) and mineral lineations (L 1 ) due to grain-shape orientations of elongate millimeter-sized grains of olivine and subordinate chrome spinel (Figure 3a) . Compositional layers of chromitite are locally found oblique to the D 1 olivine grain-shape foliation suggesting that the D 1 fabric is the result of deformation and not crystal settling in a magma. The pattern of lattice preferred orientation (LPO) for the D 1 olivine shows an intense concentration of b axes normal to the olivine foliation (S 1 ) with girdles of a and c axes within S 1 [Mizukami et al., 2004, Figure 2a] . A weak concentration of a axes is seen in the direction parallel to L 1 , similar to the LPO patterns expected for relatively high-temperature and dry conditions [Nicolas and Christensen, 1987; Zhang and Karato, 1995; Jung and Karato, 2001] .
[13] The directions of S 1 ( Figure 4a ) were determined by microscopic analyses of oriented samples. S 1 shows no clear preferred orientation, but it is generally oblique with respect to adjacent S 2 , which is formed by the subsequent D 2 stage.
D 2 Mesostructure and Microstructure
[14] D 2 forms the dominant deformational fabric in the Higashi-akaishi body. D 2 typically displays a porphyroclastic microstructure consisting of dusty olivine porphyroclasts and clear olivine neoblasts (Figures 3b and 3c) . A strong planer and linear structure (S 2 + L 2 ) is marked by parallel alignment of elongate and fine-grained olivine neoblasts are identified where porphyroclastic D 2 microstructures in dunite are formed parallel to the axial planes of folds defined by chromitite layers [Yoshino, 1978] .
[15] D 2 porphyroclasts commonly exhibit evidence of intracrystalline deformation such as the development of kink bands and undulose extinction. In addition clear neoblastic recrystallized grains commonly form near the subgrain boundaries in the middle parts of olivine porphycolasts (Figure 3c ), indicating dynamic recrystallization of preexisting D 1 olivine took place during the D 2 stage. The dusty appearance of the D 1 porphyroclasts under the microscope is due to the presence of abundant microinclusions originally filled by water-rich fluid ( Figure 3c ). The LPO pattern for olivine neoblasts is characterized by a c axis concentration parallel to L 2 and a b axis concentration normal to S 2 .
[16] S 2 gently dips toward N-NNE as a whole (Figure 1c 
D 3 Mesostructure and Microstructure
[17] The D 3 fabric is characterized by a strong schistosity (S 3 ) due to a spaced foliation consisting of antigorite-rich cleavage domains and olivine-rich microlithons ( Figure 3f ). The stretching lineation (L 3 ) is defined by olivine elongation, strain shadows around porphyroclasts (olivine or spinel) and trails of small grains of opaque minerals. The process of the D 3 fabric formation includes crenulation (F 3 ) and extensive antigorite growth to form a new axial planer foliation ( Figure 3g ). The volume of antigorite generally exceeds 50% and reaches up to 90%.
[18] In the field, the boundary between the D 2 -and D 3 -dominated domains is characterized by abundant F 3 folding of the S 2B and the dominant fabric of dunite appears to change progressively from D 2B to D 3 across the boundary ( Figure 5 ). The boundary lies almost parallel to the outline of the Higashi-akaishi body and the strongly foliated D 3 structures are developed in the peripheral part adjacent to the surrounding schists (Figure 1b) .
[19] The L 3 stretching lineation shows a roughly E to ESE trend with a shallow plunge of about 10° (Figure 4d 
Structures of the Surrounding Crustal Units and Boundary Relations
[21] The widespread development and distinct structural characteristics for D 1 , D 2 , D 3 and D 4 stages indicate that all represent regionally significant deformation events with distinct tectonic implications. However, these fabrics are developed in rocks with a relatively simple mineralogy and it is difficult to use petrological studies of these rocks to constrain the tectonic significance of all the individual deformation phases. Correlation with well-documented regions in other parts of the Sanbagawa belt can help overcome this problem. We therefore carried out a detailed examination of a profile stretching from the petrologically well-documented Seba area to the southern part of the Higashi-akaishi body ( Figure 6 ). The details of the observations are given below and then compared to those of the Higashi-akaishi body.
Deformational Stages of the Besshi Unit and the Seba Eclogite Unit
[22] In the Besshi unit, two phases of penetrative ductile deformation are recognized and these are referred to as Dr and Ds following Wallis [1990 Wallis [ , 1998 . Dr is related to subduction and Ds is related to exhumation [Wallis et al., 1992; Wallis, 1998 ]. One of the clearest ways to distinguish between Dr and Ds is the timing of deformation with respect to growth of plagioclase [Wallis, 1990 [Wallis, , 1998 ]: Dr structures are overgrown by plagioclase porphyroblasts (e.g., Figure 7a ) and whereas Ds structures postdate the growth of plagioclase (Figures 7b and 7c) . The intertectonic microstructure of the plagioclase porphyroclasts suggests growth during a nondeformational temperature rise [e.g., Enami et al., 1994; Wallis, 1998 ].
[23] Deformation phases in the Seba eclogitic basic unit are defined independently from the Besshi unit. [Aoya, 2001] . D A is associated with decompression and exhumation [Aoya, 2001] , Microstructural and mesostructural studies show D A and Dr converge suggesting that these deformation represent the phase of the juxtaposition of the Eclogite and Besshi units [Aoya, 2001] . After juxtaposition, the Eclogite and Besshi units share the same deformation history and D B can be correlated with Ds. Ds and D B have similar microstructural and mesostructural characteristics (Figure 7c ). The correlations are briefly illustrated in Figure 2 . In the Seba route between the Higashi-akaishi and Seba units there are no clear microstructural features that allow the structural history in the Eclogite and Besshi units to be distinguished. For our present purposes we can consider Dr and Ds to be equivalent to D A and D B respectively: the structures developed during the two pairs of phases show parallel orientations and similar temporal relationships to plagioclase porphyroblasts [Aoya, 2001] .
Seba Route: Construction of a Cross Section and Documentation of Structures
[24] Mesoscopic structural data were collected along the profile line ( Figure 6a ) and these data were complemented by microstructural observations to help identify Figure 6 ) compatible with the results presented by Aoya [2002] for the NE of the Seba region. The two layers of garnet-amphibolite are then interpreted to be the same unit repeated by the folding and which is a continuation of the Seba eclogite unit. No eclogite facies mineral assemblages were found in either the northern or southern basic schist, but the common presence of garnet in the southern unit is compatible with the inference that it is relatively high grade. In our structural interpretation the pelitic rocks overlying the garnet-bearing amphibolite are part of the Eclogite unit. This is also supported by the recognition of eclogite facies rocks in similar positions reported by Sakurai [2000] and Aoya [2002] .
[25] In the Seba area, the Dr fabric occupies the contact region near the Higashi-akaishi peridotite body ( Figure 6 ). In the Higashi-akaishi body the corresponding mesoscopic structures belong to the D 3 deformation phase, the lowermost structure in the peridotite body (Figure 1c ). S 3 is almost parallel to the boundary and to the Sr foliation of the surrounding schists. In addition both S 3 and Sr are similarly associated with mineral lineations gently plunging E-W. The consistent orientations of structural elements suggest that D 3 in the peridotite body can be correlated with Dr. The geometries of folds developed in subsequent phases of both units, D 4 and Ds, also show close similarities suggesting they are equivalent (Figures 4f and 6a) . These proposed correlations can be verified by studying the metamorphic history recorded in rocks either side of the boundary. Figure 6a ). In this route, the Higashi-akaishi body (HA) lies at a structurally higher position than the crustal units and can be regarded as a part of the Eclogitic unit (including the Seba eclogite body (SB)). The Eclogite unit overlies the Besshi unit (BS). The tectonic boundaries between the three units were tightly folded by Ds.
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TC6012 the tremolite crystals have straight inclusion trails and do not overgrow D 4 microfolds.
P-T Conditions for Tremolite Formation
[28] Our suggestion that Dr = D 3 and Ds = D 4 can be further tested by comparing the conditions of tremolite formation with those associated with the formation of plagioclase porphyroblasts. In the Besshi unit, plagioclase porphyroblasts grew around the peak of metamorphic temperature [Otsuki and Banno, 1990; Wallis et al., 1992] and the appearance of associated minerals define the metamorphic zonation of the Besshi unit [Enami, 1982; Higashino, 1990] . If the phase of heating in Figure 7 . Photomicrographs showing porphyroblastic mineral growth and the temporal relations to deformational phases. Pelitic schists in the Besshi unit (Figures 7a -7c ) (Seba route in Figure 6 ). Grt, garnet; Pl, plagioclase; Qtz, quartz; Ms, muscovite. Metamorphosed ultramafic rocks of dunite and wehrlite compositions in the Higashi-akaishi peridotite body (Figures 7d-7f the Besshi unit is the same as that recorded in the Higashi-akaishi body then the metamorphic zonation of the Besshi unit should be traceable into the Higashiakaishi body.
[29] The Al-poor bulk composition of the dunite and wehrlite [e.g., Enami et al., 2004] and the mineral compositions with high Mg numbers (= Mg/(Mg+Fe)) generally greater than 0.85 [Mori and Banno, 1973; Enami et al., 2004] (Table 1) suggest that the metamorphism can be described in terms of the CaO-MgO-SiO 2 -H 2 O (CMSH) system. Tremolite formation then occurs by the following reaction:
The relevance of this reaction is shown by microtextural observations: tremolite replaces clinopyroxene and is in contact with matrix olivine (Figure 7d ). With activities of all phases assumed to be 1, this reaction lies between the peak P-T conditions for the albite-biotite and oligoclasebiotite zones of the Besshi unit (Figure 8a ). If, as we suggest, the peak temperature conditions in the Besshi unit developed at the same time as the tremolite in the Higashi- akaishi body then tremolite should occur only close to or at higher grades than the oligoclase-biotite zone. An inspection of the geographic distribution of the metamorphic zones [Enami, 1982] and the presence of tremolite shows an excellent agreement (Figure 8b) suggest that D 1 took place under low water activities at relatively high-temperature conditions [Katayama et al., 2004; Nicolas and Christensen, 1987] . 6.1.1. Isothermal Pressure Increase: Early D 2 (D 2A )
[31] Garnet-orthopyroxene geothermobarometry is a useful petrological method to estimate the equilibrium P-T conditions of unhydrated garnet-bearing ultramafic rocks [e.g., Harley and Green, 1982; Medaris, 1999] . Enami et al. [2004] use this approach to estimate peak pressures of 2.9-3.8 GPa. In order to constrain the P-T conditions of the D 2 deformation, we combined this method with microstructural observations using a sample of garnet peridotite with welldefined D 2 characteristics.
[32] The main constituent minerals of the garnet peridotite are olivine, clinopyroxene, orthopyroxene, garnet and chrome spinel (Figure 9 ). This sample shows a porphyroclastic microstructure due to dynamic recrystallization during the D 2 stage. Olivine, orthopyroxene and clinopyroxene form both neoblasts and porphyroclasts and garnet is found just as porphyroclasts. The stretching lineation (L 2 ) and tectonic foliation (S 2 ) are defined by the alignment of elongated olivine neoblasts and chrome spinel.
[33] Mineral compositions in the garnet peridotite were analyzed using a microprobe at Nagoya University (JEOL JXA-8800R), following the methods of analysis and cor- MIZUKAMI AND WALLIS: EVOLUTION OF SUBDUCTION ZONE PERIDOTITE rection given by Enami et al. [2004] . Detailed microprobe analyses of garnet and orthopyroxene reveal two compositional groups for each mineral (Table 2 and Figure 10 ). Garnet porphyroclasts commonly consists of a more Ca-rich core (Grs content = 18%) and a less Ca-rich rim (Grs = 14%) although Fe and Mg contents do not show systematic variations (Fe/Mg = 0.40-0.45) (Figure 10a ). Orthopyroxene porphyroclasts show a chemically zoned structure with decreasing Al content from a constant value of about 0.05 pfu in the core to 0.02 pfu in the rim part (Figure 10b ). Orthopyroxene neoblasts can be regarded as chemically equivalent to the rim of porphyroclasts with the similar Al contents (0.02 pfu) and other element compositions (Figure 10c ). K D values for Fe-Mg partitioning between orthopyroxene neoblast and garnet rim (= (Fe/Mg) Grt /(Fe/Mg) Opx ) plot in a relatively narrow range (3.4 -4.1) (Figure 10d ). Taken together with the constant Al content in the recrystallized orthopyroxene neoblasts (Figure 10c ), this suggests the chemical zoning has not been significantly affected since the formation of the neoblasts.
[34] The presence of relatively coarse garnet and orthopyroxene porphyroclasts and the constant compositions of their cores indicate that they equilibrated before D 2 in a coarse granular microtexture. Accordingly, the core pair of compositions is taken to reflect the physical conditions before D 2 (stage I). A second stage of equilibrium (stage II) is recorded in the elemental partitioning between garnet rim and adjacent orthopyroxene neoblast. The formation of neoblasts is clearly syndeformational and the contact relation of garnet and orthopyroxene suggests that the elemental partitioning should have been attained during or after D 2 .
[35] Thermobarometric calculations using garnet-orthopyroxene equilibria were carried out for these two stages. One geobarometer [Harley, 1984b] and two geothermometers [Harley, 1984a; Sen and Bhattacharya, 1986] are selected for the P-T estimation. The formulation of Harley 
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MIZUKAMI AND WALLIS: EVOLUTION OF SUBDUCTION ZONE PERIDOTITE [1984b] , in which all Al are assumed to exist as Tschermak's molecule substitutions, gives the minimum estimation of pressure for a pair of garnet-orthopyroxene compositions among the formulation models proposed [Carswell and Gibb, 1987] . For the Higashi-akaishi peridotite body, the geothermometers of Harley [1984a] and Sen and Bhattacharya [1986] give the minimum and maximum temperature estimates respectively [Enami et al., 2004] .
[36] The estimated P-T conditions are P > 2.1 GPa and T = 750-800°C for the stage I and P > 2.8 GPa and T = 750 -800°C for the stage II (Figure 11 ). The path linking the P-T conditions of two stages is consistent with that of Enami et al. [2004] and directly constrains D 2 to have been associated with an increase of pressure at almost constant temperature of 750 -800°C. The clinopyroxenegarnet pairs of stage II show relatively variable K D values (6.7 -8.5) (Figure 10d ) that correspond to the lower temperature estimates (600 -650°C). This is probably due to elemental partitioning during the retrograde processes [Enami et al., 2004] . 6.1.2. Cooling at High Pressure: Late D 2 (D 2B )
[37] Antigorite lies parallel to the D 2 (D 2B ) foliation, S 2B (Figure 4f ). The presence of antigorite parallel to S 2 is confirmed by the observation that D 3 crenulations fold an earlier antigorite fabric (Figure 4g ). The similarities in Figure 5 ) suggest that both types of fabric were formed during a single tectonic phase. In the peridotites antigorite formation is due to the reaction of H 2 O with olivine solid solution to form antigorite and magnetite. The lack of other minerals such as talc and orthopyroxene makes it difficult to specify exact pressure conditions. However, the presence of antigorite schistosity implies temperatures less than the limit of antigorite stability (600-700°C at pressures of 1 -4 GPa [e.g., Ulmer and Trommsdorff, 1995; Wünder and Schreyer, 1997] ). The above observations imply that that the late stages of D 2 deformation were associated with a decrease in temperature. This can explain the lower temperature estimates from clinopyroxene-garnet pairs of the stage II (during/after D 2 stage) (Figure 10d ). Considering that product antigorite has a higher Si/(Mg+Fe) ratio than reactant olivine, an introduction of Si is implied by antigorite formation in dunite. A possible source of H 2 O and Si is slab-derived aqueous fluids which are likely to contain a significant amount of silica [Manning, 1994] .
Exhumation at the D 3 Stage
[38] There are no good petrological constraints on the tectonic significance of D 3 . However, the correlation of D 3 with Dr allows us to constrain the P-T path, because it must join the prograde path of the Besshi unit sometime during Dr. During the D 2 stage the Higashi-akaishi body was at high pressure as high as 3 GPa and after D 3 it was amalgamated with the Besshi unit at pressure around 1 GPa. This implies that D 3 is the phase of deformation associated with decompression and exhumation (Figures 8a and 12 ). This exhumation path is also consistent with the development of retrograde pargasitic amphibole in the garnet-bearing rocks at temperature conditions of about 600-700°C [Enami et al., 2004] .
7. Tectonic Implications 7.1. Evolution of the Higashi-akaishi Peridotite in the Sanbagawa Subduction Zone
[39] Combining the petrolgical and microstructural information we can now define the P-T-D evolution of the Higashi-akaishi body and relate this to the series of deformation phases D 1 to D 4 (Figure 12 ). There are few constraints on D 1 and it is not clear if this deformation is related to subduction events.
[40] The D 2 stage is characterized by a roughly isothermal burial path at temperatures of 750-800°C to UHP conditions (above 2.8 GPa) (D 2A in Figure 12 ). This increase in pressure with little or no increase in temperature is difficult to achieve outside active subduction zones. The relatively low P-T conditions (2.1 GPa/800°C) at the earliest stage of D 2 in the Higashi-akaishi body, however, requires the lithosphere at the time to be hotter than is typical for mature subduction zones (compare NE Japan [Peacock and Figure 11 . P-T estimates for the D 2 deformational stage using garnet-orthopyroxene equilibrium. Geothermobarometers, bold dashed line, Harley [1984b] ; bold line, Harley [1984a] ; dotted line, Sen and Bhattacharya [1984] . Stage I is estimate for a pair of garnet core and orthopyroxene core, and stage II is for eight pairs of garnet rim and orthopyroxene neoblast. Error bar indicates the maximum deviation for eight pairs of stage II. Hara et al., 1971] ; antigorite stability [Ulmer and Trommsdorff, 1995] ; quartz-coesite transition [Mirwald and Massonne, 1980] . Steady state P-T paths along subduction boundary [Peacock, 1996] are calculated for subduction of 50 Ma oceanic lithosphere with convergence rates of 10, 30, and 100 mm/yr and with shear heating where t = 0-5%P for 0 < T < 500°C. The model assumes convective flow in mantle wedge. Geotherms for continental crust are after Spear [1993] . Thermal structure of 50 Ma oceanic lithosphere is calculated using half space diffusion model [Turcotte and Schubert, 1982] .
Wang, 1999]). High water activity during D 2 is evidenced by microinclusions in the dusty porphyroclasts of olivine . Prograde metamorphic changes in the subducting slab are characterized by dehydration reactions and this can best explain the introduction of water to the peridotite body during D 2 .
[41] Significant cooling at the late stage of D 2 (D 2B ) is suggested by the development of the coherent antigoritebearing D 2B fabric, which implies temperatures below 600-700°C at UHP conditions. This can be interpreted as the syndeformational change of the thermal gradient to cooler conditions closer to the calculated range for normal steady state geotherms along the subduction boundary [Peacock, 1996] (Figure 12 ). These characteristics of the P-T path suggest either a situation where mantle peridotite is being dragged down subparallel to isotherms as can occur in mature subduction zones or in a setting where the dragging down is concomitant with overall cooling of the subduction zone as occurs immediately after the initiation of subduction [Peacock, 1991] . A similar scenario to the former is proposed for the tectonic evolution of the Austroalpine garnet peridotites in a continental collision-type subduction zone [Nimis and Morten, 2000] .
[42] The D 3 stage is constrained to represent the initial exhumation after the D 2 stage at UHP conditions to the amalgamation with the Besshi and Eclogite units. The strong D 3 antigorite foliation progressively overprints the D 2 fabric forming a broad hydrated region at the lower part of the body (Figures 1c and 5) . The juxtaposition of the peridotite and the Besshi unit can be explained by accretion of a slab slice to the hangingwallofasubductionzone[e.g., Enamietal.,1994] .The following D 4 stage is identical to the Ds in the Besshi unit that is related to the regional exhumation of the Sanbagawa belt.
Serpentine Formation: A Trigger to Exhumation
[43] It is generally accepted that serpentine is important for dynamic processes in subduction zone because of wide stability in mantle lithosphere [e.g., Ulmer and Trommsdorff, 1999; Seno et al., 2001; Bostock et al., 2002] and relatively weak mechanical properties [e.g., Raleigh and Paterson, 1965; Gerya et al., 2002] . Particularly its contribution to exhumation processes has been discussed on the basis of numerous geological and structural studies [e.g., Takasu, 1989; Hermann et al., 2000; Guillot et al., 2000] . The development of antigorite serpentine (2.75g/cm 3 ) in peridotite will reduce bulk rock density and cause the host rock to become buoyant with respect to the surrounding unhydrated peridotite or eclogite [e.g., Hermann et al., 2000] . This gives a mechanism for normally dense materials to be exhumed. In addition, deformational experiments on serpentine minerals suggest that even slight degrees of serpentinization, enhances shear localization [e.g., Escartín et al., 1997] and drastically weakens the peridotite [e.g., Escartín et al., 2001] . These physical properties of serpentine are considered to promote both the detachment of ultramafic rocks from mantle wedge and buoyant flow reverse to subduction [e.g., Schwartz et al., 2001; Gerya et al., 2002] .
[44] The association of antigorite schistosity at the late stage of D 2 (D 2B ) implies that antigorite serpentine formed at the UHP conditions in the oceanic subduction zone. Furthermore, the interpretation of the D 3 exhumation suggests that exhumation of the Higashi-akaishi peridotite body started just after the development of antigorite fabrics and that the proportion of antigorite increased during exhumation (the D 3 stage). These observations suggest that the serpentine formation in the peridotite body created the physical conditions necessary for exhumation. The Higashiakaishi peridotite body is an example of a kilometer-scale fragment of nominally dense mantle including garnet-bearing peridotite that has risen from depths of approximately 100 km in an oceanic subduction zone when thermal conditions and the supply of aqueous fluid allow antigorite serpentine to grow.
[45] The buoyancy of serpentine can act as a driving force for exhumation of dense peridotite bodies in oceanic subduction settings. This can also provide an explanation for the pressure conditions of emplacement to the Sanbagawa crustal units. The emplacement pressure of about 1 GPa (Figure 12 ) corresponds to the depth of Moho beneath a typical convergent margin [e.g., Zhao et al., 1990; Bohnhoff et al., 2001; Bostock et al., 2002] . It is likely that the buoyant force will no longer be sufficient to cause further exhumation once the partly serpentinized peridotite becomes surrounded by relatively low-density crustal rocks. This can explain why the Higashi-akaishi body paused during its upward movement. The further exhumation of the peridotite would be due to a different mechanism responsible for the larger-scale tectonics in the accretionary units of the Sanbagawa belt, that is the ductile thinning during the orogen-parallel east-west flow due to the oblique subduction in the mid to late Cretaceous age (90 -65 Ma) [e.g., Wallis, 1995; .
Conclusions
[46] The structural and petrological investigations of this study constrain the P-T-D path of the Higashi-akaishi peridotite body. The path represents the tectonic history of garnet-bearing mantle peridotite in an oceanic subduction zone. The deformational structures of D 1 , D 2 , D 3 and D 4 have been progressively formed in the body mainly by slabmantle interactions, through the events of subduction to the depth of approximately 100 km or more and subsequent exhumation. This structural evolution and associated anticlockwise P-T path have the following three important geological implications:
[47] 1. The Higashi-akaishi peridotite body is an integral part of the Sanbagawa metamorphic belt and its evolution can be used to derive information about subduction zones at depths of approximately 100 km and to constrain the tectonic evolution of the Sanbagawa subduction zone.
[48] 2. The anticlockwise P-T path of the Higashi-akaishi body suggests a thermal gradient in the Sanbagawa subduction zone was cooled close to steady state thermal gradients along the subduction boundary. This cooling is expected in the subduction zone immediately after the inception of subduction. Similar cooling occurs when convection in the mantle wedge brings peridotite toward a subduction boundary.
[49] 3. The main stage of exhumation of the Higashiakaishi body can be explained as the result of buoyancy forces related to serpentine formation after cooling and introduction of water.
[50] The information of the deformational microstructures and P-T evolution in the Higashi-akaishi peridotite will be an important basis for further investigations to estimate physical properties and geochemical signatures in deep subduction zone mantle.
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